We develop models for the propagation of intense pulses in solid state media which can have either saturated absorption or exhibit reverse absorption . We show that the experiments of Bigelow et al.[Phys. Rev. Lett. 90, 113903 (2003); Science 301, 200 (2003).] on subluminal propagation in Ruby, and superluminal propagation in Alexandrite are well explained by modelling them as three level and four level systems respectively, coupled to Maxwell equations. We present results well beyond the traditional pump-probe approach.
where ρ ij = e i |ρ|e j , i, j = 1, 2. The Rabi frequency 2Ω is defined by 2Ω(z, t) = 2 d 1g · E(z, t)/ , where d 1g is the dipole matrix element and E(z, t) is the envelop of the pulse. We assume that the carrier frequency, ω, is on resonance with the frequency of the |e 1 ←→ |g transition. Under the approximations, Γ 1 Γ 2 , Ω;ρ 1g ∼ 0, we derive the approximate equation for the evolution of the ground state population aṡ
Note that we can prove thatρ 11 ≈ 0, if Γ 1 Γ 2 , Ω. Under the same conditions and the slowly varying envelop approximation, the evolution equation for the Rabi frequency of the field is governed by
where α 0 = 4πω|d 1g | 2 /c Γ 1 and Ω sat = 2 √ Γ 1 Γ 2 . In Eqs. (2) and (3) we have used the pulse coordinates i.e, t − z/c, z. The time derivative in Eq. (2) is with respect to (t − z/c). The time t can be expressed in units of 1/2Γ 2 . For numerical computation, we consider two types of input pulses, viz, a Gaussian pulse with a temporal width 1/Γ 2
and amplitude modulated pulseΩ
The Equations (2) - (5) are our working equations. We use these for numerical computations. We calculate the evolution of the pulse for arbitrary values ofΩ 0 or I 0 . Some typical results for the Gaussian pulses are shown in the Fig. 2 . We get group velocities in the range 50 m/sec for Ω/Ω sat 1 and the transmission is rather small. In Fig.  3 , we exhibit the behavior of v g and transmission as a function of the input intensity. These results are in agreement with the experimental findings of transmission in the range 0.1%. In Fig. 3 , we also show for comparison the results of the group velocity and the transmission for the propagation of an intense pulse through a two level system described by the traditional Bloch equations. The coupled Maxwell-Bloch equations under the approximation T 1 T 2 are given byρ
and dot denotes ∂/∂(t − z/c).
As seen from the Fig. 3 , there are substantial differences in the propagation of pulses in two level and three level media. Note that the time T 1 is equal to 1/2Γ 2 . We believe that, in the light of the energy level diagram of Ruby, it is more appropriate to model it as a three level system.
We next consider input pulse as a modulated pulse given in Eq. (5). The output pulse is modulated with a phase shift (time delay). We show this time delay as a function of modulation frequency for two different pump powers in the Following the same procedure as in the case of Ruby, we have derived the working equationṡ
whereα 0 gives the reverse saturation. Following the experimental data of Bigelow et al. [18] , we estimate (α 0 /α 0 ) ≈ 4 . The Eqs. (10) and (11) are numerically integrated for the input Gaussian pulse given by Eq. (4). A representative set of results is shown in the Fig. 6 . This Figure also shows how the group velocity and net transmission depends on the peak intensity of the Gaussian pulses. It should be borne in mind that in the range of the intensities of Fig.  6 , no perturbation theory can be used. One has to study the full nonlinear behavior. We also notice that the input pulses get distorted in shape. The distortion becomes more pronounced as the nonlinearity of the medium becomes more pronounced.
In conclusion, we have shown how to model the propagation of intense pulse in solid state media with very strong relaxation effects. The media can exhibit either saturated absorption or reverse absorption.Our modelling goes well beyond the traditional pump-probe approach. We specifically present results on the propagation of pulses in Ruby and Alexandrite. Our model would also be applicable to other systems where reverse absorption could be dominant.
GSA is grateful to R. Boyd for extensive discussions on experiments and the contents of this paper. GSA also thanks E. 6 . The solid curve of (a) shows light pulse propagating at speed c through a distance of 7.25 cm in vacuum. The dotted, long dashed and dot-dashed curves depict light pulse propagating through a medium of length 7.25 cm at different input amplitudes. The pulse width σ is 500 µsec, whereas 1/2Γ2=250µsec. Fig (b) shows the amplitude of the output pulse normalized with input amplitude. The transmission is decreased on increasing the input field intensity .
